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Ultraffitration coefficients of glomeruli from human biopsies. Ultrafil-
tration coefficient (K1) was measured in vitro using glomeruli isolated
from 28 human renal biopsies in order to assess both the relationship
between glomerular structure and filtration characteristics and the
relationship between Kf and patients' clinical state. The patients, ages
ito 72 years, had a wide variety of renal diseases and serum creatinines
of I to 16 mg/dl. Glomeruli were examined by light, immunofluores-
cence and electron microscopy, and glomerular alterations were mea-
sured. Filtration was induced in isolated glomeruli by an oncotic
gradient and Kf calculated. Glomerular diameter (D), averaged for each
patient, varied from 131 to 315 m, and Kf varied from 5.7 to 51 nIl
mm mm Hg. Hydraulic conductivity (Lu) in 15 biopsies averaged 1.45t.min mm Hg' cm2. In order to identify the significant predic-
tors of Kf and delineate their relationships, stepwise multiple regression
analysis was performed. Kf increased with increasing glomerular size
and with increasing degree of glomerular hypercellularity. D, in turn,
increased with body surface area, urinary protein, and degree of
capillary damage, and decreased with percent senescent glomeruli and
degree of epithelial foot process broadening. K1 did not significantly
correlate with clinical measures of renal function.
The determinants of GFR at the level of the individual
glomerulus have been defined primarily by data from direct
puncture of capillaries of the most superficial glomeruli of
Munich-Wistar rats [1, 2]. These determinants are glomerular
ultrafiltration coefficient (K1), plasma oncotic pressure, and the
transcapillary hydraulic pressure gradient. Kf, in turn, repre-
sents the product of the individual glomerular filtering area and
capillary hydraulic conductivity (Lv). A unique value for K1 can
be calculated only when filtration disequilibrium exists, that is,
when the perfusion rate is sufficient to insure filtration through-
out the capillary network. When this criteria is not met, and
filtration equilibrium is reached within the glomerulus, only a
minimum value for K1 can be calculated.
Glomerular disease can cause loss of filtration by decreasing
capillary perfusion, decreasing hydrostatic pressure or decreas-
ing glomerular Kf, but only limited data is available regarding
the relative influence of each of these parameters on GFR in
humans. Studies in patients with lupus nephritis demonstrated
decreased glomerular filtration fraction calculated from the
ratio of inulin and hippurate clearances [31. Similar measure-
ments together with differential dextran clearances and mea-
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surements of plasma and urine oncotic pressure have been used
to infer that Kf in lupus nephritis is diminished [4].
In previous work we established a method for the measure-
ment of K1 and L using oncotic gradients to induce filtration of
fluid into capillaries of isolated glomeruli. This method allows
the study of individual glomerular function in circumstances
that do not permit micropuncture investigations. Specifically,
we have been able to calculate K1 in deep as well as superficial
glomeruli, in species that do not possess surface glomeruli, in
severe oliguria and in humans [5—7]. It should be noted that the
in vitro and in vivo measurements of Kf differ. A maximum in
vivo measurement depends on filtration disequilibrium through
each glomerular capillary, which in turn depends on a suffi-
ciently low Kf or high plasma flow rate. If measurements are
made under circumstances in which filtration equilibrium oc-
curs within some or all glomerular capillaries, the calculated K1
will be lowered. In vitro measurements reported here are
independent of plasma flow, are not subject to filtration equi-
librium, and therefore may represent the maximum value under
ideal perfusion conditions. In the present studies we were able
to isolate glomeruli from diagnostic human renal biopsies per-
formed on 28 patients with renal insufficiency, proteinuria, and
or hematuria and to determine their K1. Stepwise regression
analysis was performed between K1 and the other parameters
measured to determine associations between K1 and clinical and
histologic parameters.
Methods
Patient population
Tissue was obtained from 28 patients at the University of
Kansas Medical Center, on whom renal biopsies were per-
formed during the evaluation of renal parenchymal disease and
one patient who underwent nephrectomy because of reflux
nephropathy. Renal tissue was evaluated by a pathologist and
appropriate samples were taken for clinical diagnosis; the
remaining tissue was used for glomerular isolation and filtration
studies.
Tissue processing
Immediately after being taken from the patient, the biopsy
was put into a physiologic salt solution containing 4% bovine
serum albumin (BSA). It was examined under a dissecting
microscope, and renal cortex containing sufficient numbers of
glomeruli were removed and fixed in a formalin glutaraldehyde
solution for light and electron microscopy. Unfixed tissue was
frozen for immunofluorescence and a small portion, about 1 X
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1 x 2 mm of a needle biopsy and 2 x 3 x 5 mm of a wedge
biopsy, was left in the 4% albumin solution while it was teased
apart with needles and individual glomeruli removed.
Induction and measurement of glomerular filtration
Filtration was induced in individual isolated glomeruli and the
Kf was calculated as previously described [7]. Briefly, individ-
ual glomeruli were selected and held by gentle suction on a
micropipette for observation and videorecording. The incuba-
tion medium containing 4 g/dl BSA was abruptly replaced with
medium containing 1 g/dl BSA. This change of medium pro-
duced an oncotic pressure gradient of about 12 mm Hg across
the capillary wall causing filtration of fluid into the capillary,
expansion of capillary lumens, and subsequent ejection of
plasma and erythrocytes from the arteriolar fragments at the
vascular pole. The average diameter (D) of the glomerular
image was measured at 1/60 second intervals using analysis of
stop action playback. Glomerular volume (V) was calculated
using the formula V = 4/3ii(D/2)3. Filtration rate was defined by
the maximum increase in glomerular volume during a 1/60
second interval within the first 0.1 seconds after changing the
medium. Kf was calculated as the quotient of the filtration rate
and the oncotic gradient. The data point for each patient is the
mean for the glomeruli from that patient.
Histologic studies
After fixation, tissue for light microscopy was embedded in
glycolmethacrylate, sectioned at 1 and 2 microns and stained
with hematoxylin and eosin, periodic acid-Shiff and periodic
acid-methenamine silver (PASM) stains. Tissue for electron
microscopy was post-fixed in osmium tetroxide and embedded
in epoxy resin. Thick sections were examined by light micros-
copy, and 2 and 3 glomeruli were then sectioned, stained with
lead citrate and uranyl acetate, and examined by transmission
electron microscopy. Tissue frozen for immunofluorescence
was sectioned at 5 microns in a cryostat and stained with flu-
orescein labeled anti-IgG, anti-IgA, anti-IgM, anti-C3 and anti-
fibrin. All tissue processed for light, immunofluorescence and
electron microscopy was examined by a renal pathologist for
diagnosis. The percentage of senescent, or globally sclerotic,
glomeruli was recorded. Glomerular capillary basement mem-
brane thickness was the mean of five measurements of the
lamina densa made in segments where the bilaminar cell plasma
membranes parallel to the basement membrane could be re-
solved on electron micrographs. Glomerular histopathology
was graded as follows:
Glomerular capillary injury,
0—normal appearing capillaries,
1—wrinkled, but not obliterated capillaries,
2—mesangial proliferative glomerulonephritis,
3—membranoproliferative glomerulonephritis,
4—diffuse inflammatory destruction of capillaries.
Glomerular hypercellularity,
0—normal appearing glomeruli,
1—mild diffuse or mild to moderate focal mesangial hyper-
cellularity,
2—moderate to marked diffuse mesangial hypercellularity,
3—diffuse hypercellularity involving mesangium and pe-
ripheral capillary.
Epithelial foot process loss,
0—normal-appearing epithelial foot process by electron
microscopy,
1—focal foot process broadening or reduced numbers,
2—diffuse foot process broadening or reduced numbers,
3—diffuse obliteration of foot process.
Glomerular basement membrane surface density
Glomerular capillary basement membrane (GBM) surface
area densities (Sw) were measured on the glomeruli from
several of the biopsies. One micron, PASM stained sections
from five to six glomeruli from each of 15 biopsies were
photographed by light microscopy and printed at a final magni-
fication of 888 x. Each photograph was overlain with a grid of
horizontal lines spaced to a scale of one line per 10 microns in
the unmagnified tissue. Surface area density was calculated by
the formula S.., = 2 IaJLc, where Ia equals the number of
intersection points and Lc equals the grid line length in the
tissue, according to the methods described by Weibel [8]. L,,
was calculated from the formula L = K/S . 4/317(D/2)3. Light
microscopy was used because material available for electron
microscopy did not permit adequate sampling of glomeruli. Si,,
was a measure of the entire capillary basement membrane
because light microscopy did not allow dividing the basement
membrane into peripheral and axial portions.
Statistical analysis
The glomerular anatomic measurements and patient clinical
parameters were all chosen on the grounds which could be
expected to influence K and were therefore potential predic-
tors. At the same time it was possible that these predictors were
interrelated, and it was decided to submit the data to the
stepwise multiple regression analysis, once with K as the
dependent variable, a second time with glomerular diameter as
the dependent variable, and a third time with L as the depen-
dent variable.
The BMD-P software package (BMDP Statistical Software,
Inc., Los Angeles, California, USA) was used for the analysis.
The stepping algorithm used was such that the first independent
variable to enter the predictive equation was the one with the
strongest bivariate correlation with the dependent variable; the
second variable to enter would be the one with the strongest
partial correlation with the dependent variable, holding con-
stant the dependent variable already in the equation, and so on.
The stopping decision used to determine which variables would
be allowed to remain in the final equation involved examination
of both the F-to-remove statistic and the independent variable's
contribution to cumulated R2, or percent variance explained.
The variable would be retained in the final equation if its
F-statistic reflected a relationship with the dependent variable
which was significant at the 0.05 level or better and/or if its
contribution to R2 was 5% or more. Although the number of
independent variables in this work is large in comparison to the
number of biopsies measured, this was considered acceptable
as long as these results are considered preliminary and are used
to indicate direction of further research.
Results
Three or more glomeruli suitable for studies of filtration, that
is, those with apparently intact capillary tufts free of Bowman's
30
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Fig. 1. Datafor mean glomerular K1 is
plotted against the mean glomerular diameter
for each patient's glomeruli, solid boxes, and
each normal person's glomeruli, open boxes.
—i Lines were added enclosing the normal
350 points. While a majority of the patient points
fell between the lines, 4 fell above and 5 fell
below the area encompassing the normals.
capsule and visible fragments of arterioles, were isolated from
22 of the 28 biopsies, and three to eight glomeruli from each of
these were studied. Only one or two glomeruli suitable for
filtration studies could be isolated from each of the remaining
six biopsies. In four cases (numbers 8, 11, 24 and 25), Bow-
man's capsule and/or crescents were adherent to the capillary
tuft in the majority of the glomeruli isolated. Filtration could be
studied only when the capillary tuft could be separated from the
everted capsule and crescent. Glomeruli of the remaining two
biopsies (2 and 16, cases of mixed connective tissue disease and
Alport's disease) were excessively fragile, and only a few intact
glomeruli were recovered and studied.
The in vitro glomerular filtration data together with patient
clinical and biopsy histologic data are listed in Table 1 where
the patients have been listed in order of increasing mean
glomerular Kf. There was a wide range of diagnoses repre-
sented: seven patients had mesangial proliferative glomerulo-
nephritis, three had membranoproliferative glomerulonephritis,
six patients had crescentic glomerulonephritis, two had mem-
branous glomerulonephritis, two had hypertensive glomerulo-
nephritis, one had focal segmental glomerulosclerosis, two had
normal appearing glomeruli (one with acute ischemic renal
failure and one with obstructive nephropathy), two had diffuse
ideopathic global sclerosis, one had Alport's disease, one had
amyloidosis, and one had streptozotocin toxicity. K1 ranged
from 5.7 to 51 nllmin . mm Hg and averaged 19.1 10.6.
Glomerular diameters ranged from 161 to 315 microns and
averaged 228 45.
Stepwise regression analysis performed with Kf, as the
dependent variable showed that K1 could be predicted by a
combination of D and glomerular hypercellularity, and that the
cumulated R2, or percent variance in dependent variable ex-
plained by the regression, was 61.6%. Both variables correlated
positively with Kf and were related to K1 at a statistically sig-
nificant level (P < 0.05). The overall regression at this point had
an F ratio (2, 25 d.f) of 20.0 (P < 0.01).
It is interesting that K1 is positively correlated with both D
and glomerular hypercellularity. The dependence of K1 on gb-
merular diameter was expected on the basis of past work on
normal human glomeruli done in this lab. The graph in Figure 1
shows K1 plotted against glomerular diameter for both the
presently reported patient data points and a group of normal
human glomeruli previously reported from our lab. Lines have
been drawn enclosing the normal patient data points, empha-
sizing the positive correlation between K1 and D (r = 0.97 for
the normal human glomeruli). Most of the presently reported
patient's glomeruli also lie between these lines. Those that lie
below them include acute ischemic renal failure, Alport's
syndrome and Berger's disease showing focal segmental prolif-
eration. Those above both lines include SLE with diffuse
mesangiocapillary glomerulonephritis, idiopathic crescentic gb-
merulonephritis, and an end-stage mesangial proliferative gb-
merulonephritis.
Stepwise regression analyses performed with D as the depen-
dent variable showed that glomerular diameter could be pre-
dicted by a combination of five of the independent variables and
that using these five, the cumulated R2 was 58.5%. All of the
five variables were related to D at a statistically significant level
(P < 0.05). Body surface area, urinary protein and degree of
capillary damage correlated positively, while percent senescent
glomeruli and degree of epithelial foot process broadening
correlated negatively with D. The overall regression at this
point had an F ratio (5, 22 d.f) of 6.20 (P < 0.01).
In addition to measuring K1 on all the biopsies, L was
determined when possible using the formula L = KIA, where
A, the glomerular capillary surface area, was calculated as
S.,,. V. S.,, is the mean glomerular capillary surface area per
unit volume measured by morphometric techniques from five to
six histologically sectioned gbomeruli from the specific biopsy.
The mean Sv for the 15 patients for whom it could be measured
was 0.225 0.043 m2/sm3. This value was not different from
that previously reported for normal human glomeruli [7]. mdi-
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Table 2. Glomerular surface to volume ratios (S ,,) and hydraulic conductivity (Lu)
K1 Lp
Pt. Glomerular
Gloni.
diam.
nI
mm . mm
No.
of sv microns2 .
.ii
mm mm
num. histopathology microns Hg glom.a microns3 Hg . cm2
2 Diffuse, crescentic ON 168 6.4 5 0.252 0,062b 1.02
5 Membranous GN 178 8.9 5 0.221 0.022 1.36
6 Diffuse mesangial 161 9.1 5 0.227 0.034 1.83
7
proliferation
Focal mesangial proliferation 215 9.8 1.3" 5 0.251 0.053 0.75
9 Diffuse mesangial 200 5 11.9 2.4 5 0.225 0.047 1.26
proliferation
10 Irregular, thin GBM 260 13.4 5 0.252 0.040 0,58
11 Diffuse MPGN with crescents 234 11 14.8 2.8 6 0.159 0.021 1.39
15 Diffuse hypertensive GS 251 12 18.0 2.6 5 0.282 0.048 0.77
17 Focal, segmental US 276 9 20.2 1.8 5 0.147 0.023 1.25
20 Focal crescentic GN 221 8 21.6 4.6 8 0.286 0.021 1.34
21 Diffuse hypertensive OS 302 15 23.6 7.1 6 0.270 0.061 0.61
24 Arterial nephrosclerosis 204 18 28.2 8.3 5 0.238 0.046 2.67
25 Diffuse mesangial 250 17 29.3 7.8 7 0.206 0.039 1.74
proliferation
26 Diffuse crescentic ON 307 35.8 6 0.222 0.048 1,06
27 Focal crescentic ON 212 2 36.8 2.7 6 0.200 0.022 3.69
28 Diffuse MPGN 315 9 51.0 6.7 5 0.164 0.024 1.90
Mean 235 21.2 0.225 Li3
SD 49 12.4 0.042 0.81
human glomeruli were 0.22 0.01 sm2/sm3 and 1.5 0.1 d . min . cm (mean SEM),S,,, and L previously reported for normal
respectively [71.
a Number of glomeruli on which S, was measured
b One standard deviation
vidual K1, Si,, and L,, data are listed in Table 2. Three patients
had S,'s more than one SD above the mean of the 15 patient
group. Of these, patient 20, who has focal crescentic UN, had a
correspondingly high Kf and an L of 1.34 which is close to the
group mean. Patients 15 and 21, with S,'s of 0.282 and 0.270,
respectively, did not have increased K1's and therefore had low
Lv's, 0.56 and 0.77, respectively. Both these patients were
hypertensive and had prominently-wrinkled glomerular base-
ment membranes typical of hypertensive glomerulopathy,
which accounted for their high surface to volume ratios. Both
also had moderate proteinuria and moderate to severe renal
failure. However, S., variance was small compared to the other
variables, and as a result stepwise regression analyses using K1
as the dependent variable with the addition of S, as one of the
independent variables yielded the same series of predictors as
previously indicated for K1. S, did not add anything to the
predictive equation for Kf.
Discussion
In order to examine individual glomerular filtration in human
disease, in vitro K1 and L of glomeruli isolated from diagnostic
human biopsies were measured. An oncotic gradient was used
to produce filtration into the capillaries of the isolated glomer-
uli, and the maximum filtration rate was determined for each
glomerulus. This method has been used for the in vitro mea-
surement of Kf for glomeruli from rats, rabbits, dogs [5, 6] and
normal humans [7]. The average Kf measured in this way for
normal adult Munich-Wistar rats is 3.0 0.1 nllmin/mm Hg [5],
a value which agrees with those derived from in vivo micro-
puncture studies on the same strain of rats, which are 3 to 5 nIl
minlmm Hg [2]. Glomeruli suitable for measurement were
isolated from a majority of the biopsies available. K1 averaged
19.1 10.6 nl min' . mm Hg, a value not significantly
different from 17.4 5.4 previously determined in this labora-
tory for normal adult human glomeruli [7].
Stepwise multiple variant regression analysis was performed
using the morphologic and clinical data as independent varia-
bles and Kf as the dependent variable. Significant predictors of
Kf are D and glomerular hypercellularity, which together ex-
plain 61.6% of the variation of K1. D and glomerular hypercel-
lularity were not significantly correlated with each other. The
dependence of K1 on D agrees with previous work on normal
human glomeruli in which a correlation coefficient of 0.97 was
found between glomerular K1 and glomerular diameter [7J. Net
glomerular function and the filtration capacity of glomerular
capillaries has also been carefully studied in diabetic human
patients by Mauer et al, who showed relative glomerular
mesangial expansion to be an important negative correlate of
glomerular filtration [9]. In the extension of this work by Ellis et
al, a positive correlation was shown between glomerular filtra-
tion rate and capillary filtration surface area measured from
biopsies of diabetic humans [101. This is in general agreement
with our finding of a positive correlation between K1 and
glomerular size.
Because of the importance of glomerular diameter, stepwise
multiple variant analysis was also performed with diameter as
the dependent variable. Body surface area, urinary protein, and
degree of capillary damage were positively correlated predic-
tors of glomerular diameter. The percent of senescent glomer-
uli, and degree of epithelial foot process broadening were
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negatively correlated predictors. Thus, glomeruli are larger in
persons with larger body surface areas and in severe capillary
injury associated with proteinuria. The correlation of glomeru-
lar diameter with capillary injury and proteinuria is more
difficult to understand. One possible explanation is that glomer-
uli from kidneys with severe inflammation may have been
enlarged because of infiltration and edema. This idea is sup-
ported by the finding that glomeruli appeared swollen in all
biopsies with severe capillary damage and several of those with
proteinuria. The negative correlation between glomerular diam-
eter and percent of sclerotic glomeruli may be rationalized by
the fact that kidneys with many globally sclerotic glomeruli also
had numerous contracted and partially sclerotic glomeruli;
these small glomeruli may have been selected for filtration
studies. The negative correlation between diameter and broad-
ening of epithelial foot processes may be explained, in part, by
the concurrent observation of glomerular sclerosis.
When Kf was plotted against glomerular diameter, all but
nine of the patients fell into the same range as the normal
humans. Three of the four patients with Kf to glomerular
diameter ratios above those found for normal patients had
inflammatory glomerular diseases, while four of the five falling
below the normals had noninflammatory forms of renal disease.
The prominence of patients with inflammatory glomerular dis-
ease among those with high K to D ratios is reflected in the
results of the second step of the regression analysis with K as
the dependent variable; there is a positive correlation between
Kf and glomerular hypercellularity. This should not be surpris-
ing since in these biopsies hypercellularity was associated with
inflammation, a condition associated in most tissues with in-
creased vascular permeability.
Although K measurements made by in vivo micropuncture
studies were decreased in rats with proliferative GN [11—13],
blood flow through glomerular capillaries influences the mea-
surement of Kf in vivo but not in vitro. Shea and Raskova have
analyzed the flow of blood through glomerular capillaries by use
of a detailed computer model of a partially sclerotic glomerulus
and predicted that flow would be nonuniform and that it would
result in a reduction of Kf as measured by micropuncture [14].
The same principles may apply to nonuniform flow caused by
inflammation. Partial glomerular capillary obstruction could be
expected in many of our patients' glomeruli due to enlarged
endothelial cells, marginated leukocytes, or mesangial expan-
sion. Among other effects predicted by Shea and Raskova, this
would result in an imbalance in capillary perfusion rate and or
pressure causing filtration equilibrium to be reached prema-
turely in the affected capillary. Effective capillary filtration
area, and the in vivo effective Kf would be reduced. Because K
measured by osmotically-induced filtration pressures in vitro is
independent of plasma flow rates, it reflects the maximum
possible rate of filtration across all available filtering surfaces
regardless of partial obstruction of capillaries.
Net glomerular function has been previously studied in
human patients with proliferative GN by the determination of
inulin clearance as a measure of GFR and hippurate clearance
as a measure of effective renal plasma flow. In patients with
active lupus nephritis, these demonstrated a decrease in gb-
merular filtration fraction [3]. In another paper, calculations
using glomerular filtration rate, renal cortical plasma flow and
plasma and urine oncotic pressure were used to support the
thesis that glomerular K was diminished in lupus nephritis [4].
Because these methods measure in vivo glomerular function,
the calculated K may be reduced when the number of nephrons
is reduced or when perfusion of some glomeruli or of some
glomerular segments is impaired. The apparent discrepancy
between in vivo and in vitro studies may be resolved by the
hypothesis that decreased and or nonuniform glomerular capil-
lary perfusion diminishes single nephron glomerular filtration
rate in vivo but does not affect filtration by nonperfused
glomeruli in vitro. Nonuniform blood flow through the glomer-
uli could be present independent of whether total renal blood
flow changed.
S, was estimated on 15 of the patients in order to determine
the relative importance of its variability on the variability of Kf.
The average S was 0.225 0.042 m2/pm3 which was not
different from 0.22 0.04 previously measured in normal adults
[7]. Average L, 1.45 0.81 ILl- min' mm Hg - cm2 was
comparable to that previously determined for normal glomeruli,
1.5 0.4 p1 . min1 - mm Hg' - cm2 but had a larger stan-
dard deviation. Rerunning the stepwise regression for this
group of 15 patients with S.,, included as an independent
variable did not produce any correlations that were not previ-
ously defined; S., did not enter as a significant predictor.
Although the sample of patients is small, this does give some
indication that the variability of S has a relatively small
influence on K compared to glomerular size and hypercellula-
rity.
In summary, we have been able to measure Kf and L in
isolated glomeruli from diagnostic biopsies. Both glomerular
diameter and ultrafiltration coefficient varied widely within the
sample studied. In most cases, the expected positive correlation
between glomerular diameter and Kf was maintained. This
finding is consistent with the interpretation that L may remain
within the normal range despite renal injury. Kf was also
positively correlated with glomerular hypercellularity. This
result is consistent with increased L during acute inflamma-
tion. Nonuniform glomerular capillary perfusion rather than
decreased capillary hydraulic permeability may be the primary
cause of diminished glomerular filtration rate in acute glomer-
ulonephritis. Studies of in vitro filtration are complimentary to
physiologic studies of renal function and pathologic examina-
tion of renal tissue, and may permit the systematic delineation
of the intrinsic filtration characteristics of glomeruli in human
renal disease.
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